The recalcitrant structures of the lignocellulosic materials demand the use of biomass pretreatment to disrupt the cellulose-hemicellulose-lignin complex and to separate its fractions [14] .
A variety of pathways can be applied to convert the structural components of this biomass into compounds dissolved in water, which can be biologically, catalytically, or thermochemically converted to fuels or chemicals [15, 16] . Obviously, the primary goal of a pretreatment process is to achieve the highest product yield at the lowest costs [17] .
Hydrolytic processes can produce XOS either in basic or dilute acidic media. Dilute sulfuric acid (0.1-0.5 M) is most commonly used for acid production of XOS, however it results in low yields of oligomers compared to monomers, and besides furfural and other degradation products may appear [9] . Steam or hydrolytic degradation of xylan, known as autohydrolysis, involves the deacetylation of xylans, thus hydrolyzing the hemicelluloses [18, 19] . This method avoids the use of corrosive chemicals for the extraction. However, it requires higher temperatures.
Alkaline treatment disrupts the cell wall of lignocellulosic materials by dissolving hemicelluloses and lignin under mild conditions, decreasing cellulose crystallinity and resulting in two fractions, a liquid one (xylan oligomers and lignin) and a solid fraction (cellulose). NaOH extraction is considered to be one of the most effective among many proposed processes, since it liberates hemicelluloses and lignin from cellulose avoiding fragmentation of the hemicelluloses [17, 18] . The main effect of sodium hydroxide pretreatment on lignocellulosic materials is delignification, after breaking the ester bonds that cross-link lignin and xylan, thus increasing the porosity of the biomass [19, 20] .
The majority of the publications about alkaline pretreatment focused on ethanol production, but a range of fuels, chemicals, and materials can be derived from the different fractions of biomass. In order to take full advantage of these pretreatment effects, process parameters such as alkaline concentration, pretreatment temperature and time must be optimized [20] . Nevertheless, there is still a lack of information regarding the optimum condition of the alkali pretreatment in order to: increase xylan extraction and lignin elimination; provide higher yields of soluble xylan for XOS production; and at the same time increase the digestibility of the solid fraction for ethanol production [20] [21] [22] [23] [24] .
The soluble xylan obtained in the liquid fraction after the alkaline pretreatment has to be further submitted to hydrolysis, which must be complete to generate xylose (the substrate for fermentation when ethanol is the aimed product). However, if xylooligosacharides are the final product, the hydrolysis reaction must be controlled, stopping the reaction before the complete de-polymerization of this fraction occurs.
Due to the inherent difficulties to control autohydrolysis or acidic process for XOS production, enzymatic hydrolysis might become a natural option. It may be highly specific, does not use specialized equipment, and provides negligible losses of substrate and no side products [25] .
Xylanases are a complex of endo and exo enzymes. Endo-1,4-β-xylanase (1,4-β-D-xylan xylanohydrolase) cleaves the internal glycoside bonds in the xylan backbone and ß-xylosidases release xylosyl residues (xylose) after an endwise attack of the xylooligomers.
Xylanases preparations have been shown to be effective in hydrolyzing xylan fraction [26] . However the high cost of enzymes remains a barrier to the economical production of XOS, this costs can be reduced in industrial process, using immobilized and thermally stabilized enzymes instead of soluble ones. The use of immobilized xylanase can provide easily recovery and reutilization of the catalyst. Therefore, it can potentially offer a way to reduce the cost of large-scale second-generation ethanol production. Besides, it could be the base for a continuous process [25] .
To achieve a re-usable catalyst, stable during long operation periods of reaction, the choice of enzyme, support and immobilization method has to be careful, considering, chemical properties, structure, and attachment mechanism of the enzyme-support complex [27] [28] [29] [30] .
The production of 2G bioethanol from lignocellulosic material is a relevant subject in over the world. Taking into account that sugarcane bagasse is an abundant and cheap raw material in Brazil and the fact that all prebiotics elements used as dietary supplements are costly, the study of processes for using simultaneously the liquid and solid fractions of biomass is important.
Increasing xylan extraction and using less enzyme, with a recycling system is a promising approach. In a biorefinery, the use of the liquid fraction for XOS production, while the solid fraction is used to produce ethanol is a natural choice. It should be noticed that XOS shows advantages over other oligosaccharides in terms of resistance to acids and heat, allowing their utilization in juices and carbonated drinks.
In this work, alkaline pretreatment of sugarcane bagasse (SB) was initially optimized, at 120°C, changing NaOH concentration and reaction time. Applying the biorefinery concept, the pre-treatment conditions for obtaining the best xylooligomers extraction in the liquid fraction was chosen. Following, a commercial complex of xylanases was immobilized in agarose activated with glyoxyl groups. After characterization of the obtained enzyme derivative, the xylooligomers production using soluble and immobilized enzymes with recycle was evaluated, and the solid residue was delivered for 2G bioethanol production.
Materials and Methods

Materials
Sugarcane bagasse was provided by Usina Iracema-CTC, Iracemápolis, São Paulo, Brazil. The material was stored at 4°C in plastic bags, as received. The dry matter content was above 50% (w/w).
A portion of the bagasse was milled in a Willey type mill (Model 4, Thomas Scientific, Swedesboro, NJ), to a particle size of 16/60 mesh, and used for raw material analysis.
Xylanase Novozymes™ 22036 (N22036), with 1203 IU/mL and 63.3 IU/mg protein was gently donated by Novozymes (Denmark). Agarose-glyoxyl™ 6BCLwas purchased from Amersham Pharmacia Biotech AB (Uppsala, Sweden), and 1-ethyl-3-(3-dimethyl aminepropyl) carbodiimide (EDAC), sodium borohydride, glycydol, birchwood xylan and ethylenediamine (EDA) were supplied by Sigma-Aldrich S.A. (St. Louis, MO, USA). NaOH was purchased from Quimis, Brazil. Xylooligosaccharides standards were purchased from Megazymes (Netherlands). Accelerase 1500 (celulase) was gently donated by Genencor. The industrial CAT-1 strain (industrial strain of Saccharomyces cerevisiae) was donated by the Bioprocess Engineering Group (EPUSPBrazil). All other reagents were of analytical grade.
Chemical analysis of bagasse samples
Chemical composition (cellulose, hemicelluloses and lignin) of the solid materials (raw sugarcane bagasse and pretreated sugarcane bagasse) was determined according to Gouveia et al. [31] .
Approximately 2 g milled samples were extracted with 95% ethanol/ cyclohexane (1:2 v/v) and water for 6h in a Soxhlet apparatus. Extracted bagasse samples were hydrolyzed with 72% (v/v) sulfuric acid at 45°C for 10 min. The acid was diluted to a final concentration of 3% and the mixture heated at 121°C in autoclave for 30 min. The residual material was filtered through a filter paper. The solids were dried to constant weight at 105° C and determined as acid-insoluble lignin. The acid-soluble lignin was measured by UV-Vis spectroscopy at 280 nm using the previously determined absorptivity values from Rocha et al. [32] .
Carbohydrates were determined in the soluble fraction. The concentrations of monomeric sugars (glucose, xylose and arabinose) were determined by high performance liquid chromatography (HPLC), equipped with a refractive index detector (RID). The separation was performed in a Bio-Rad HPX-87H column at 45°C, with a flow rate of 0.6 mL min -1 , using 0.005 mol. L -1 sulfuric acid solution as the mobile phase. The factors used to convert sugar monomers to anhydromonomers were 0.90 for glucose and 0.88 for xylose and arabinose. Acetyl content was calculated as the acetic acid content multiplied by 0.7. These factors were calculated based on water addition to polysaccharides during acid hydrolysis [33] .
Xylan extraction from SB pretreated by sodium hydroxide
The pretreatment was carried out in 500 ml flasks at 121°C. Pretreatment time (15, 60 and 90 min) and sodium hydroxide loading (1%, 4% and 7%, m/v) were varied during the experiments. The pretreatment solution was prepared adding sodium hydroxide to distilled water.
In each pretreatment experiment, 30 g of dry sugarcane was loaded into the flask with 300 mL of pretreatment solution prepared as previously described. The flask was hermetically closed and heated in an autoclave until 121°C (1 atm gauge) was achieved. The solid to liquid ratio was 1:10.
After the pretreatment, a solid-liquid separation were performed.
The solid fraction, hereafter referred to PSB (pretreated sugarcane bagasse), was separated from the liquid fraction. The PSB was thoroughly washed by suspending it in a previously determined volume of water until the yellow colour of the effluent was totally removed, dried and weighted to determine mass yield, according to equation The liquid fraction was adjusted to pH = 5 with a sulfuric acid solution, under stirring, in an ice bath, and centrifuged for lignin removal. The supernatant was stored at 4°C and referred to Fraction 1.
The liquid hemicellulosic fractions were quantified by HPLC and the recovery of xylan (as xylose) was calculated using the following equation:
Xylan recovery (as xylose) (%) = monomeric xylose in the fraction 1 (g)/total xylan content in the raw material (g) × 100
(Equation
The total xylan content in the raw material was calculated after determining the SB chemical composition and multiplying the hemicellulose fraction in the material by SB initial mass (dry basis).
Determination of total oligomers
In order to achieve complete hydrolysis of the hemicellulose-derived oligomers contained in the liquid streams, the soluble hemicelluloses (fraction 1) were submitted to an acid hydrolysis by adjusting the pH to 0.9-1.0 with 98% (v/v) H 2 SO 4 and incubation at 121°C for 60 min in autoclave to breakdown oligomers into monomeric sugars as described in NREL laboratory methods [34] .
After the hydrolysis in autoclave, the liquid fraction pH was adjusted to 5-6 with calcium carbonate, filtered, and the supernatant was called Fraction 2.
The composition of the liquid fractions was analysed by HPLC using a Shimadzu HPLC equipped with a RID and Bio-rad HPX-87P column (Bio-Rad Laboratories, Hercules, CA). From this procedure, the total oligomers were calculated according to Yang & Wyman [35] , using the following equation:
Xylan recovery (as xylose) (%) = Xylose (Fraction 2)/ total xylose content in the raw material (g) x 100
(Equation 4)
Where: Fraction 2: xylose content in the hydrolysate corrected for degradation rate.
Analyses of XOS (X1-X5) were performed in a Waters HPLC equipped with RID, using a Supelcogel C610H column adjusted at 30°C (Sigma-Aldrich, USA) and H 3 PO 4 0.1% (v/v) as mobile phase at a flow rate of 0.8 mL.min -1 . The samples were previously filtered through Waters C18 SePak® and 0.20 µm Sartorius filters. XOS concentrations were determined from standard XOS.
Enzyme modification, immobilization, and thermal characterization 2.5.1 Enzyme Activity
Xylanase activities were determined by measuring the initial velocities of hydrolysis of 10 g/L birchwood xylan solutions, prepared in pH = 5.5 citrate buffer 50 mM, at 50°C, using known concentrations of soluble or immobilized enzyme. One IU (International Unit) was defined as the amount of enzyme necessary to liberate 1 µmol of reducing sugar in one minute under these reaction conditions. The DNS (3.5-Dinitrosalicylic acid) method was used for reducing sugars [36] .
Chemical modification of the enzyme
Dialyzed enzymes were also investigated. Commercial solutions were centrifuged in ultrafiltration devices (Vivaspin 20) for 4 cycles of 60 minutes at 6000g till reducing of 90% of initial volume. At the beginning of each cycle, diluted buffer solution in a ratio of 1:10 (v:v) was added to the enzyme.
Xylanase was aminated as previously described [27, 28] . Commercial xylanase was incubated with 1M ethylendialmine pH = 4.75 (volume ratio of 1/10) and 10 mM EDAC at room temperature for 2 h. Activity was accompanied during the reaction to evaluate activity loss. After amination the enzyme was dialyzed and maintained at 4°C.
Immobilization of xylanase (commercial, dialyzed and aminated-dialyzed)
Agarose gel activation with glycydol followed Guisan [37] and immobilization assays of xylanase on preactivated glyoxyl-agarose were fulfilled as already described [27] . Enzymatic suspensions were prepared in 0.1 M sodium bicarbonate buffer, pH = 10.05, using enzyme load of 5mg protein/g support (highly activated glyoxyl agarose) and relation 1:10 (volume of support/ volume of suspension). Suspension was stirred at 25°C for 24 h with the support. Additionally, controls with soluble enzyme were used to determine the possible inactivating effect of the pH, temperature, or dilution on the enzyme during the immobilization. To end the reaction, sodium borohydride was added up to a final concentration of 1 mg/mL and incubated for further 30 min under stirring. Activity loss was followed during reaction.
Soluble (commercial, dialyzed and aminateddialyzed) and immobilized xylanase were characterized by irreversible thermal inactivation at 70°C and pH 2 to 11 pH values 5.0 (50 mM acetate buffer).
When required, dialysis was performed as following: enzyme solutions (commercial or aminated) were centrifuged in ultrafiltration devices (Vivaspin 20) for 4 cycles of 60 minutes at 6000 g until reduction of 90% of the initial volume. At the beginning of each cycle, diluted buffer solution in a ratio of 1:10 (v:v) was added to the enzyme. Also, when required, protein essays followed Bradford method [38] .
Enzymatic hydrolysis of SB xylooligomers
The hydrolysis of sugarcane xylan extracted through NaOH pretreatment was performed in a jacketed reactor at 50°C and pH 5.0 during 4 hours using soluble (or free) and immobilized xylanase at a load of 20 IU per gram of sugarcane bagasse initially used in the 4% (w/v) NaOH pretreatment for 60 min. The reaction was followed by measurement of reducing sugars.
For recycling essays, five consecutive hydrolyses were performed at 50°C and pH = 5.0. The immobilized enzyme was filtered and washed after each cycle and its enzymatic activity and humidity were determined. Reducing sugars were monitored during 4 hours in the last cycle.
Saccharification and fermentation of the remaining solid from alkaline extraction
The remaining solid from alkaline xylan extraction was enzymatically hydrolyzed at 50°C and pH 4.8 (50 mM sodium citrate buffer) using a solid concentration of 10% (w/v, dry basis) and 20 FPU/g of Accelerase 1500. The filter paper activity (FPU) was measured following Ghose [39] .
The flasks with the reaction mixture were incubated in a rotary shaker at 50°C and 200 rpm for 72 h. Samples withdrawn at regular intervals were filtered (0.45 µm) and the supernatant was analyzed for glucose. All experiments were performed in duplicate.
Industrial CAT-1 strain of Saccharomyces cerevisiae was used in the ethanol fermentation experiments. [40] . The cells were harvested by centrifugation at 4°C and 5000 rpm for 5 min and washed twice with sterile water.
Results and Discussion
Chemical characterization of sugarcane bagasse
For XOS generation it is extremely important to assess the biomass composition and its suitability as raw material for production of prebiotics. The sugarcane bagasse used in the pre-treatment reactions had 38.8% of cellulose, 29.4% of hemicellulose, 21.7% of lignin; 5.1% of extractives, and 4.9% of ashes.
It was previously reported that sugarcane bagasse has 40-45% of cellulose, 30-35% of hemicelluloses, and 20-30% of lignin [41] .
Extraction of Xylan
A 2 2 factorial design with three replicates in the central point was performed for the sodium hydroxide pretreatment, in order to explore sugarcane bagasse as raw material for XOS production [23] . The objective was to evaluate the influence of pretreatment operational conditions (NaOH concentration and reaction time) on: the xylan extraction efficiency; the composition of the generated oligomers, which will be subject of subsequent enzymatic hydrolysis with commercial xylanase,; and also on the saccharification yield of the remaining solid fraction. Table 1 shows the composition of cellulose, hemicellulose and lignin in the PSB, as well as the percentage values of mass yield and hemicellulose solubilization (the fraction of hemicellulose that disappeared from the solid matrix). Figure 1 shows the cellulose, hemicellulose and lignin solubilisation during the sodium hydroxide pretreatment.
It can be seen from Table 1 that among the evaluated operational conditions (1-7% NaOH w/v, 30-90 min and 121°C), assays 3 and 4 (121 o C, 7% NaOH and 30 and 90 min, respectively) leaded to the highest hemicellulose solubilization (80-82%) with mass losses around 50%. Also, under these conditions, cellulose losses were the lowest (<2.6%). It has been reported [42] that xylan recovery would be around 50%, a figure that may widely vary for different lignocellulosic materials, and depending on the quantity of lignin, of hydrogen bonds, on cellulose contents, alkali type and concentration, pretreatment conditions, etc. Thus, the maximum hemicellulose solubilization obtained in this work under the evaluated conditions (82%) is significantly higher than those previously reported.
The average amounts of solubilized cellulose were 8%, 1.8, and 14.6%, for pretreatments using 1%, 7%, and 4% (w/v) NaOH, respectively. In order to determine the influence of the factors considered on hemicellulose solubilization, a regression model was proposed and a response surface plotted. Table 2 shows the scaled regression coefficients of the regression model of hemicellulose dissolution after Figure 1 . Percentage of cellulose, hemicellulose and lignin solubilized under each alkaline pre-treatment (NaOH concentration and time of pretreatment were the studied factors). Table 4 shows the influence of NaOH concentration on the efficiency of hemicellulose extraction (hemicellulose quantified in the liquid fraction) as xylooligomers after alkaline pretreatment of SB (30 g, dry basis, of initial sugarcane bagasse). The results were obtained by measuring the xylose concentration in the liquid fraction before and after submitting this fraction to acid hydrolysis.
Comparing the extraction efficiencies of SB hemicellulose (second column from Table 4 and last column from Table 1 ), significant differences in solubilized hemicellulose (values calculated from solid or liquid fractions) are observed. These differences can be explained by the lignin-hemicellulose complex precipitation.
Lignin and hemicelluloses form covalently bonded complexes that are often termed as "lignin-carbohydrate complex" (LCC). The α-position of the phenylpropane unit is, in most cases, the connection point between lignin and hemicellulose [43] . sodium hydroxide pretreatment. The statistical analysis was performed using the software Statistica (Statsoft, v. 10.0) and the confidence level was 90%. Significant effects are marked in bold (p-value < 0.1).
It can be seen that, for 90% confidence level, pretreatment time is not significant for hemicellulose solubilization. However, the concentration of NaOH is significant and the most important factor affecting this response. Table 3 depicts the Analysis of Variance (ANOVA) for the model of hemicellulose solubilization, after sodium hydroxide pretreatment when only the significant coefficients are taken into account.
The model for hemicellulose solubilization showed F-value for statistical significance of the regression (443.61) higher than the listed one (4.06) and F-value for lack of fit (0.54) smaller than the listed one (5.46).
Therefore, it can be seen that the hemicellulose solubilization models present high correlation coefficient and can be considered statistically significant with 90% of confidence according to the F test, and it does not present evidence of lack of fit, as the calculated value for the F-test for lack of fit.
The response surface of hemicellulose solubilization versus time and sodium hydroxide concentration is shown in Figure 2 .
From Figure 2 , it can be seen that for high sodium hydroxide concentrations, the influence of time on cellulose solubilization is low, which indicates that hemicellulose solubilization with sodium hydroxide pretreatment can be performed with small processing times. Table 3 . ANOVA for the model of hemicellulose solubilization for sodium hydroxide pretreatment. During pretreatment, part of the LCC disintegrates, leading to its dissolution in the black liquor [43] . The precipitation of lignin by acidification (lowering pH of the black liquor) can be described as phenolic hydroxyl group protonation by mineral acids or carbon dioxide followed by lignin coagulation. Considering that lignin is connected with some hemicellulose content, when the pH is decreased, the precipitation of lignin-hemicellulose complex also occurs, reducing the real concentration of hemicellulose content that should be quantified in the solution [22] . Preliminary studies of our group indicated that around 8-15% of hemicellulose content is retained in the precipitated lignin (solid).
Source of variation Sum of Squares (SS) Degrees of freedom Mean Square (MS) F-value
From the point of view of the xylooligomers extraction, the best reaction conditions are 4% NaOH and 60 min, that led to 55% of xylan extraction efficiency (real xylan content in the liquid fraction), without production of monomers (liquor containing >99% of xylooligomers).
At this point, it is also important to notice that although the highest hemicellulose extraction yield is reached with this pretreatment, the cellulose loss of the solid fraction due to peeling reaction needs to be minimized. It was expected that, in a similar behavior showed by lignin and hemicelluloses, the cellulose loss also would increase monotonically with the increase of the NAOH concentration. However, it was observed that the highest cellulose loss occurred when 4% NaOH was used. This behavior could be explained taking into account the NaOH solution viscosity. The initial viscosity of 7% NaOH is higher than the one for 4% NaOH. Hemicellulose and lignin are more accessible than the cellulose chains and will be the first molecules to be attacked by the ions. Besides, peeling reactions are more problematic for short chain molecules such as hemicelluloses than for the longer ones such as celluloses [44] . Therefore, if diffusion effects are present in the process, they could be stronger for 7% NaOH than for 4% NaOH. At longer times, although the protection to the cellulose chains decreases due to the dissolution of hemicelluloses and lignin, there is also an increase in the solution viscosity and, consequently, in the diffusion effects. So , the effectivity of the peeling reaction decreases with the increase in NaOH concentration . For microcrystalline cellulose (MCC) dissolution, Kuo and Hong [45] show that an optimal NaOH concentration range can always be found, providing the highest solubility of MCC (having a certain weight). They explain this behavior as an exchange between the total number of Na + and the extent of the alkali ions' hydration. The dissolution of hemicelluloses and lignin increases with the increase of the NaOH concentration, therefore these reactions may be behaving accordingly to their intrinsic kinetics, while the apparent velocity of the cellulose peeling is lower than the intrinsic one, when comparing the results for 4% and 7% of NaOH. A good efficiency of hemicellulose extraction, 50%, was obtained using 7% NaOH for 30 min without cellulose loss. Therefore, within a biorefinery concept, these conditions would be the best. In spite of that, the fraction obtained using the condition that led to the highest xylan yield, 4% NaOH, 60 min, was submitted to hydrolysis catalyzed by xylanase to evaluate XOs production.
One of the advantages of the alkaline pretreatment is that it can be performed at low pressures and temperatures, avoiding the need for resistant materials of construction and providing a cellulosic pulp with a xylan-rich liquid fraction in only one-step of pretreatment.
Autohydrolysis, a common process reported in the literature, has the advantage of eliminating corrosive chemicals for extraction and hydrolysis of xylan, but requires operation at higher temperatures and pressures Table 4 . Liquid fraction characterization with xylan and XOS yields from the pretreated bagasse with sodium hydroxide. The reactions were performed at 121°C, 1 atm and 1:10 solid-liquid ratio.
Assay [NaOH (%), time (min)] Extraction efficiency (%)
Fraction extracted as xylooligomers (%)* than the ones required by acid or alkali treatments. Another important factor is that the remaining cellulosic pulp from the autohydrolysis process also requires a delignification step in order to reach profitable conversion yield in the saccharification procedure [46] .
Enzyme modification, immobilization, and thermal characterization
The enzymatic hydrolysis of the extracted xylan was carried out using soluble and immobilized xylanase. A previous chemical modification (amination) on enzyme surface was performed in order to obtain an improvement in the xylanase thermal stability, according to Manrich et al. [27] . This procedure enables the formation of chemical groups (-NH 2 ) on enzyme surface, capable to form more covalent attachments between enzyme and support [27, 37] . Commercial, dialyzed and aminateddialyzed xylanases were immobilized on highly activated glyoxyl agarose as described above.
The immobilization results showed faster immobilization rates for the aminated-dialyzed enzyme, followed by the dialyzed xylanase and the slower one for the commercial enzyme. It was also showed that 100% of the dialyzed enzymes, with and without the amination step, were immobilized on the support, providing biocatalysts with 266 IU/g and 282 IU/g, respectively. On the other hand, only 40% of the commercial enzyme offered to the support was immobilized, measuring in the biocatalyst 74% of the theoretically immobilized enzyme, i.e., 100 IU/g. Contaminant proteins and also protecting molecules in the commercial enzyme preparation could explain these results, because these molecules could compete with the xylanase for the reactive sites in the support. Also, if such molecules are adsorbed to the support, they can cause diffusion delays in the hydrolysis of xylan within the pores of the support, resulting in a lower apparent activity for the immobilized commercial enzyme. The chemical modification of the enzyme allowed increasing the number of amine groups of each molecule of xylanase, leading to the formation of more multipoint linkages between the enzyme and support. If that is true, after immobilization, the thermal stability of the immobilized dialyzed-aminated xylanase (IAD-Xyl) may be higher than the only dialyzed soluble xylanase (SDXyl). To prove this, IAD-Xyl and SD-Xyl were incubated at 70°C. Figure 3 clearly shows the increase in the thermal stability of the derivative IAD-Xyl, when compared to the SD-Xyl.
At 70°C, the IAD-Xyl exhibited a half-life around 24 hours, while the SD-Xyl inactivated quickly (half-life around 11 minutes), representing a stabilization factor of around 130 times. This high stability indicates higher rigidity of the immobilized enzyme promoted by multipoint covalent linkages between enzyme and support, which was possible due to the chemical modification of the enzyme surface with high density of amino groups.
Xylan Hydrolysis and Enzyme Recycling
SD-Xyl and IAD-Xyl were used to hydrolyze xylan extracted from sugarcane bagasse by NaOH treatment, and also birchwood xylan as control. The enzyme was put in contact with substrate after its pH correction with sulfuric acid 72% (v/v) until pH = 5.0.
Reactions occurred at 50°C with an enzyme load of 20 IU/g of sugarcane bagasse initially used in the NaOH pretreatment, in 5 cycles. In the last cycle, reducing sugar concentrations were followed during 4 hours. The results are shown in Figure 4 . In the case of hydrolysis of xylan from birchwood, the initial reaction rate for soluble xylanase is the same observed for the IAD-Xyl. However, at longer times the performance of the immobilized enzyme is worse than the soluble one. Diffusion effects could explain these results. Similar behavior was already observed for Milessi et al. [47] . Using soluble and immobilized xylanase, these authors have separated the soluble fraction of the birchwood xylan solution and compared the hydrolysis profiles of these two substrates, the conventional one, containing both the soluble and insoluble fraction, and only the soluble fraction. With the soluble fraction, free and immobilized enzymes presented the same performance. However, with the conventional xylan solution, the same used in this work, both catalysts presented the same performance in the beginning of the reaction and after some time the soluble enzyme was faster than the immobilized one. These authors have shown that in the first minutes of the reaction, the soluble xylan fraction, composed by small xylooligomers, is the substrate for both free and immobilized enzyme, what resulted in the same apparent reaction velocities for the homogeneous and the heterogeneous catalyst. The activity of the enzyme is also measured by determining the initial rate of the hydrolysis and, therefore, only the soluble fraction of xylan may have been the substrate, which explains why it was possible to measure 100% of recovered activity in the immobilization experiments. For longer times, the greater xylooligomers, resulting from the attack to the insoluble fraction present in the conventional xylan solution, have to diffuse through the pores of the support to meet the immobilized enzyme. In consequence, the apparent reaction velocity for the immobilized enzyme would be lower than the one with the soluble enzyme. The hydrolysis profiles obtained when the substrate was the xylooligomers extracted from sugar cane bagasse confirm this hypothesis. In this case, the whole substrate is soluble, possibly composed by xylooligomers with lower molecular mass than the ones resulting from the insoluble fraction of birchwood xylan. Therefore, as expected, with the faster diffusion of the small xylooligomers, immobilized enzyme starts with the same reaction rate that the soluble catalyst, and instead of a decrease in the hydrolysis efficiency, after some time presents a still better catalytic performance than the soluble form. This result indicates a higher operational stability of the immobilized enzyme, a sum of thermal stability and some kind of protection that the immobilization of the enzyme conferred to it against deactivating agents in the medium, possibly remaining lignin. It was already reported that during the enzymatic hydrolysis of the lignocelulosic material, more than 70% of the added enzyme might not be productive due to the adsorption on lignin [48] [49] [50] . Therefore, a fraction of the soluble xylanase may be adsorbed on the remaining lignin, while all immobilized enzyme is acting, as the diffusion of lignin to the hydrophilic pores of the support is not favored. The composition of the xylooligosaccharides enzymatically generated with SD-Xyl and IAD-Xyl from birchwood (control) and sugarcane bagasse xylans are shown in Table 5 . It can be observed a similar distribution of the molecular mass of XOs from birchwood xylan generated with soluble and immobilized enzymes.
The sugarcane bagasse hemicellulose fraction is composed of a xylan backbone, several sugars including arabinose, glucose, and glucuronic acid present in different proportions [23] . According to the isolation method the xylan composition could vary. The SB extracted xylan was observed to contain very small amounts of xylose. This small content clearly indicated the purity of the xylan extracted from sugarcane bagasse and the quality of the process employed.
After 4 h of reaction, the concentration of xylobiose and of oligomers with more than 5 DP are very high. The concentration of xylobiose was 37% of the xylan after enzymatic hydrolysis and xylotriose was almost 20%. Thus, the formation of XOS is clearly demonstrated and only a small production of xylose can be noticed.
One of the main advantages of the utilization of immobilized enzymes is the recycling process. The residual activity of the enzyme, measured after catalyzing the hydrolysis of sugarcane bagasse xylan, showed that it had high operational stability, with almost 100% of its activity after 5 reaction cycles, as showed in Figure 5 .
Therefore, the viability of XOS production from xylan extracted from sugarcane bagasse by alkaline treatment and using immobilized xylanase is clearly demonstrated, Table 5 . XOS distribution produced by enzymatic hydrolysis of xylan from birchwood (control) and pretreated sugarcane bagasse catalyzed by soluble (SD-Xyl ) and immobilized xylanase (IAD-Xyl).
Birchwood Xylan although amination/immobilization of xylanase and hydrolysis of xylan can still improve the results. Recycling can also increase the enzyme substrate interaction time, which can lead to an overall increase in enzyme conversion efficiency [51] . Besides, an economic analysis of the enzymatic process using immobilized xylanase need be performed to evaluate the scale up viability.
Cellulose Saccharification and fermentation
The solid fraction obtained by SB pretreated for 60 min with 4% (w/v) NaOH was used as substrate to be hydrolyzed by cellulases. This condition may not be ideal, taking account the higher cellulose loss (around 15%) when compared to 7% (w/v) NaOH and 30 min (around 2%) for an only slightly lower xylan extraction yield (50%) than the obtained for 4%, 60 min (52-55%). However, it was used because the liquid fraction obtained in this condition was used to study the XOs production. The fermentability of the obtained hydrolysate, resulting from the enzymatic hydrolysis of the pretreated bagasse was evaluated using the S. cerevisiae strain CAT-1, which is a dominant fuel-ethanol fermentative strain from the sugarcane industry in Brazil. The enzymatic conversion and the corresponding ethanol yields are presented in Table 6 . It can be observed that the enzymatic conversion (54.2%) is lower than the previously reported conversions [52] . However, the cellulose-to-glucose conversion, as well as the ethanol concentration could be improved changing the operational conditions, such as solid concentration in the cellulolytic hydrolysis, improved enzymatic complexes containing higher concentration of accessory enzymes, and so son. In view of that, as a proof of concept, we consider that the achieved conversion was enough to demonstrate the industrial potential of the sugarcane bagasse as raw material to produce ethanol, as well as, high-value products (xylooligosaccharides).
Under the biorrefinery concept it is possible to achieve from 1000 kg of in natura sugarcane bagasse pretreated with 4% (w/v) NaOH, 60 min 76.5 L of ethanol (1000*0.508 *0.645*0.542)/0.9 *0.43*0.90), considering 88% of fermentation yield and 90% of distillation efficiency. Using the total enzymatic conversion of cellulose to glucose and glucose to ethanol could be possible to achieve almost 170L of ethanol (1000*0.53*0. 645*1.11*0.51*0.90).
Using the xylan extraction efficiency, enzymatic hydrolysis conversion and assuming an 80% of XOS extraction efficiency [46] , it is possible to achieve 32 kg of xylobiose/ 1 sugarcane ton (1000kg* 0.294 * 0.674* 0.55* 0.997* 0.37*0.80 ).
Nevertheless, it must be emphasized that are preliminary results and further studies considering the economic aspects should be taken into account to choose the best methodology to scale up this process.
Conclusions
XOS could be produced by enzymatic hydrolysis of xylan extracted from sugarcane bagasse by using pre-treatment with NaOH, employing immobilized xylanase. Extraction with 4% of NaOH, 60 min, was the optimized condition, achieving a recovery of xylan of 55%, without production of monomers. The enzymatic hydrolysis with immobilized commercial endoxylanase was able to produce xylooligosaccharides (XOS) in the DP range of xylobiose and xylotriose (around 37% and 20% w/w/, respectively), and the immobilized enzyme preserved its activity after 5 consecutive operating cycles of 4 h, at 50°C. Table 6 . Saccharification and fermentation of sugarcane bagasse previously pretreated for 60 min with 4% (w/v) NaOH. 
